The purpose of this study was to confirm or disprove the existence of reperfusion-induced extension of necrosis. To avoid the effect of the variability of collateral circulation when groups of dogs are compared, we compared the effect of reperfusion and nonreperfusion on myocardial necrosis in a single ischemic territory, half of which was reperfused and half of which was not. The left anterior descending coronary artery (LAD) territory between its last diagonal branch and the apex was studied because it was found to have uniform collateral blood flow. In 20 dogs, the LAD was occluded for 90-240 minutes to produce necrosis of different degrees of transmurality. Before release of this occlusion, the LAD was occluded distally halfway to the apex to keep the distal half nonreperfused. After 5 minutes of proximal reperfusion, Monastral blue dye was injected into the left atrium for demarcation of the reperfused region, and the heart was arrested, excised, cut parallel to the LAD, and placed into triphenyl tetrazolium chloride (T1C) solution for delineation of the region of necrosis. The validity of TTC staining under the conditions of this study was confirmed by light and electron microscopy. The transmurality of necrosis, measured within 1 or 0.5 cm on either side of the boundary, ranged from 30o to 88o of wail thickness and was not different in the reperfused compared with the nonreperfused region (paired t test). Reperfusion did not advance the epicardial edge ofnecrosis compared with the nonreperfused region. In conclusion, at 5 minutes after reperfusion, comparson of necrosis in the reperfused and nonreperfused halves of a single ischemic territory could not demonstrate an extension of necrosis by reperfusion.
0.5 cm on either side of the boundary, ranged from 30o to 88o of wail thickness and was not different in the reperfused compared with the nonreperfused region (paired t test). Reperfusion did not advance the epicardial edge ofnecrosis compared with the nonreperfused region. In conclusion, at 5 minutes after reperfusion, comparson of necrosis in the reperfused and nonreperfused halves of a single ischemic territory could not demonstrate an extension of necrosis by reperfusion. (Circulation 1990; 82:1020 -1033 It is now generally accepted that reperfusion of the acutely ischemic myocardium can be beneficial by salvaging jeopardized myocardium, preserving function, and reducing mortality rates. Some investigators, however, believe that reperfusion can also be detrimental by causing irreversible damage to some of the reversibly injured myocardium and thereby extending necrosis beyond what it was just before reperfusion. Explosive myocardial swelling, calcium overload, and release of toxic oxygen-derived free radicals are the mechanisms most frequently implicated in the genesis of reperfusion-induced extension of necrosis.1-4 The conclusion that free radicals extend necrosis is based on reports of marked reductions in infarct size by free radical scavengers administered just before or during reperfusion.5-18 However, other investigators, using the same agents in the same mode, were unable to demonstrate a reduction in infarct size. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The role of explosive myocardial swelling and calcium overload is also controversial because many consider these changes to be the consequences rather than the causes of myocardial necrosis. 31, 32 The controversy concerning the mechanisms and treatments of reperfusion-induced extension of necrosis is compounded by the fact that there is no See p 1070 direct and unequivocal evidence that reperfusion does extend necrosis. The only study33 directly concerned with this issue did not produce evidence for an extension of necrosis by reperfusion. However, the conclusion of the study is weakened by the absence of data on collateral coronary blood flow that would have established that the two studied areas at riskone in the territory of the left anterior descending coronary artery (LAD) and one in the territory of the left circumflex coronary artery-were comparable.
Knowledge of whether reperfusion extends necrosis could be of great clinical significance. If reperfu-NOT REPERFUSED REPERFUSED FIGURE 1. Schematic of concept of a single ischemic territory, one half reperfused and one half nonreperfused. Two halves are juxtaposed, and their extents of necrosis are therefore easy to compare. Area, if any, in which an extension of necrosis by reperfusion injury can be expected is also indicated. sion does extend necrosis, then prevention of such an extension could significantly enhance the beneficial effect of reperfusion therapy. Therefore, in the present study we attempted to confirm or disprove the existence of reperfusion-induced extension of necrosis. To avoid the effect of the variability of collateral coronary circulation in dogs and the effects of other compounding factors when groups of animals are compared, we used a method that allowed us to directly assess the effect of reperfusion on myocardial necrosis in each heart.
Methods

Concept of Study
The question of whether reperfusion extends necrosis was studied in a single ischemic territory, one half of which was reperfused and one half of which was not. It was assumed that reperfusion injury, if present, would first irreversibly damage the myocytes that had been most severely but still reversibly injured during the preceding period of ischemia. Because the most severely injured myocytes are those just ahead of the wave front of necrosis, reperfusion injury was expected to advance the edge of necrosis toward the epicardium, leaving behind the adjacent nonreperfused region and thereby allow clear identification of the extension of necrosis (Figure 1 ).
Design of Study
The LAD is occluded for variable periods of time to produce myocardial necrosis of varying degrees of transmurality. Half of the ischemic LAD territory is reperfused, whereas the second half is left unreperfused ( Figure 1 ). Reperfusion is maintained for a period of 5 minutes, presumed to be enough time for reperfusion injury to occur but not enough to cause a significant extension of necrosis in the nonreperfused control region. The heart is sliced parallel to the LAD and stained with triphenyl tetrazolium chloride (ITC); in this way, the reperfused and nonreperfused regions are visualized in juxtaposition to facilitate comparison.
Experimental Preparation and Procedures
The study was approved by the Institutional Animal Research Committee and conforms to the guiding principles of the American Physiological Society. Fifty dogs weighing 16-30 kg (average, 24 kg) were anesthetized with intravenous sodium pentobarbital (30 mg/ kg) and ventilated with room air using a Harvard respirator. A left-sided thoracotomy was performed in the fifth intercostal space, and the heart was suspended in a pericardial cradle. Catheters were placed in the femoral artery for the measurement of blood pressure, in the jugular vein for infusion of fluids, and in the left atrium for injection of radioactive microspheres or Monastral blue dye. An electrocardiographic V lead was monitored from a position on the chest close to the apex of the left ventricle.
The extent of myocardial necrosis was delineated by TTC staining. 34 The arrested heart was rapidly excised, and the left ventricle was cut into 1-cm-thick slabs parallel to the LAD. Preliminary studies showed that the slab near the LAD most completely reflects both the reperfused and nonreperfused regions; therefore, slicing was begun 3-5 mm to the left of the LAD. The slabs were placed into a 1% solution of TTC buffered in 0.2 M Tris (pH 7.8) at 30-40°C for 15 minutes. The surfaces produced by the cut near the LAD were photographed, the slides (with a centimeter scale) were magnified approximately threefold and projected onto white paper, and the areas of TTC negativity (necrotic myocardium) and positivity (viable myocardium) were outlined.
Statistics
The Wilcoxon signed-rank test was used for pairwise comparisons of regional myocardial blood flow distribution with Bonferroni correction for multiple comparisons. Student's paired t test was used to evaluate intragroup differences in transmurality of necrosis. Values are given as mean+SD.
Control Studies
Six series of control experiments were conducted to validate the following assumptions, upon which the study of reperfusion injury was based. First, the levels of severity of myocardial ischemia in the regions to be reperfused and to remain unreperfused are similar. Second, the levels of transmurality of necrosis in the proximal and the distal halves of the ischemic territory are similar when both halves remain unreperfused. Third, the levels of transmurality of necrosis in the proximal and the distal halves of the ischemic territory are similar when both halves are reperfused for 5 minutes. Fourth, the model can demonstrate a difference in the levels of transmurality of necrosis between the two halves of the ischemic territory when a difference is known to exist. Fifth, a 5-minute difference in the duration of ischemia in the two halves of the ischemic territory does not cause a significant difference in the extent of necrosis. Finally, the TTC staining method for delineation of necrotic myocardium is valid under the conditions of the present study.
Comparability of myocardial ischemia in reperfused and nonreperfused regions. For the comparison of the extents of necrosis in the reperfused and nonreperfused regions to be valid, the severity of ischemia before reperfusion had to be similar in the two regions.
Preliminary studies were, therefore, conducted to identify a region in the LAD territory in which the severity of myocardial ischemia is unifonn. In eight open-chest dogs, the LAD was dissected free proximal or distal to the first diagonal branch, occluded for 60-180 minutes, and then reperfused. Using the radioactive microsphere technique, regional myocardial blood flow was measured before, 15 and 60-180 minutes after occlusion (before reperfusion), and 5 minutes after reperfusion. Before reperfusion of the proximal occlusion, the LAD was occluded halfway between the last diagonal branch and the apex. Microspheres 10-15 ,m in diameter and labeled with cobalt-57, scandium-46, ruthenium-103, or niobium-95 (NEN-TRAC®, New England Nuclear) were used. The microspheres were suspended in a stock solution of 10% dextran and Tween-80 and were sonicated for 5 minutes and vortexed before each injection. For each measurement, 2-3 million microspheres were injected into the left atrium over a period of 30 seconds and flushed with 15 ml saline. A reference sample of arterial blood was collected from the femoral artery in heparinized tubes at a constant rate of 3.88 ml/min for 5 minutes, beginning 30 seconds before each injection. After the last measurement, the heart was arrested with an overdose of potassium chloride, excised, and cut into 1-cm-thick slabs parallel to the LAD. Approximately 1-g samples of myocardium were taken from four regions of the slab immediately adjacent to the LAD ( Figure 2 ): 1) the region proximal to the site of LAD occlusion (site A), 2) the region proximal to the last diagonal branch (site B), and 3) the proximal and 4) distal halves of the territory between the last diagonal branch and the apex (sites C1 and C2, respectively). All samples were cut into an epicardial and an endocardial half. Standard methods were used for measurements and calculations. 35 Two of the eight dogs developed ventricular fibrillation after occlusion of the LAD and were excluded from the analysis. Table 1 lists data on the distribution of regional myocardial blood flow in the remaining six dogs. Average collateral blood flow proximal to the last diagonal branch was higher than distal blood flow due to high values in two of the six dogs, but the differences did not reach statistical significance. Collateral blood flow was uniform in the region between the last diagonal branch and the apex, with no significant difference between the proximal and distal halves of the region; this region was therefore accepted as suitable for the study of reperfusion injury.
Comparability ofnecrosis in proxAmal and distal halves of nonreperfsed ischemic territory. For a valid comparison of the effects of reperfusion and nonreperfusion, the transmurality of necrosis must be similar when both halves of the ischemic territory are nonreperfused. In six dogs, the LAD was occluded proximal to the last diagonal branch for 75-240 minutes (Table 2) . Before the end of the experiment, the midpoint between the last diagonal branch and the apex was marked by a superficial incision. The heart was arrested, rapidly excised, and cut into slabs approximately 1-cm-thick that were parallel to the LAD and began 3-5 mm to the left of the LAD. The slabs were then placed into a 30-40°C 1TC solution for 15 minutes. The surfaces produced by the cut near the LAD were photographed, and the technically superior of the two was analyzed. The images were projected at approximately threefold magnification, and the lTC-positive and ITC-negative areas were outlined. The area of ITC negativity (necrosis) and the total area between the endocardium and epicardium were planimetered within 1 cm on either side of the previously marked midpoint. Transmurality of necrosis was calculated as the ratio of the 3ITC-negative and total areas (%). The planimetry was performed independently by two of the investigators, and the average of their measurements was accepted. In six dogs, pairwise comparison of the transmurality of necrosis proximal and distal to the midpoint showed no significant difference ( Table 2) .
Comparability of necrosis in proximal and distal halves of reperfused ischemic teritory. For a valid comparison of the effects of reperfusion and nonreperfusion, the transmurality of necrosis must be similar when both halves of the ischemic territory are reperfused for 5 minutes.
In six dogs, the LAD was occluded proximal to the last diagonal branch for 120-240 minutes and then reperfused for 5 minutes. The midpoint between the last diagonal branch and the apex was marked, and the heart was arrested. The same methods were used for analysis as in the previous series of experiments.
In the six dogs, the transmurality of necrosis proximal and distal to the midpoint was not significantly different by pairwise comparison (Table 3 ).
Ability of model to detect a difference in extents of necrosis. The purpose of these studies was to confirm that the method designed to detect reperfusion injury could detect an extension of necrosis when present. In four open-chest dogs, the LAD was dissected free proximal to its last diagonal branch and occluded for 90-150 minutes. Before release of this proximal occlusion, the LAD was ligated distally, midway toward the apex. The distal occlusion was maintained 60 or 90 minutes longer than the proximal occlusion to produce a distinct difference in the extent of necrosis between the proximal and distal halves of the ischemic territory. In two dogs, the heart was arrested with an overdose of potassium chloride without releasing the distal occlusion. Monastral blue dye (0.1 ml/kg) was injected into the left atrium In five dogs, the LAD was occluded proximal to its last diagonal branch for 75-105 minutes. These relatively short periods of ischemia were selected to enhance the potential effect of the 5-minute difference in the duration of ischemia. Before release of this occlusion, the LAD was ligated distally, halfway between the last diagonal branch and the apex. Five minutes after reperfusion of the proximal occlusion, the distal occlusion was also reperfused. Thirty minutes later, the distal occlusion was restored, and Monastral blue dye (0.1 ml/kg) was injected into the left atrium for demarcation of the first reperfused area. The heart was then arrested with an overdose of potassium chloride, excised, cut into 1-cm-thick slabs parallel to the LAD, and placed into lTC solution. The two surfaces corresponding to the cut near the LAD were examined, and the technically superior was used for analysis. The transmurality of necrosis was not detectably increased (Table 5) , and the epicardial edge of necrosis was not detectably advanced by the 5-minute increase in the duration of ischemia.
Validation of TTC technique for conditions of the present study. The purpose of the morphological studies was to confirm that the boundary between TTC negativity and TTC positivity was the boundary between irreversibly damaged and viable myocardium. Nine dogs were studied. Because reperfusion was known to enhance TTC delineation of necrosis by washout of NADH and dehydrogenases,37 the validation was performed only in the nonreperfused region in the first four dogs (9-12; Table 6 ). The region was and sampled for electron microscopy. Transmural 1-mm3 sequential samples of the myocardium from endocardium to epicardium were taken from both the nonreperfused and reperfused regions of the slab immediately adjacent to the LAD and from the posterior left ventricular wall for control. The samples were immediately placed into 3% glutaraldehyde. The slabs were then immersed in TTC solution for staining. The boundary between the lTC-negative and the TTC-positive regions was identified at the location from which the transmural sample had been taken. The samples taken for electron microscopy were then identified as being from either the TTC-negative zone, the TTC-positive zone, or the region of the junction of the two zones (within 1 mm). The transmural myocardial samples that included the border between the reperfused and nonreperfused tissues were fixed in formalin and processed routinely for light microscopic evaluation. Tissues fixed in glutaraldehyde were postfixed in osmium tetroxide, dehydrated in graded acetone, and embedded in eponate. Toluidine blue-stained 1-gm-thick sections were reviewed by light microscopy. Thin sections were examined with a JEOL 100B electron microscope. Established criteria were used to distinguish reversible from irreversible myocardial injuries. 38, 39 Light microscopic examination of hematoxylin and eosin-stained, paraffin-embedded tissue showed a subtle increase in eosinophilia in the nonreperfused TTC-negative (irreversibly injured) myocardium. In addition, in the reperfused TIC-negative myocardium, focal contraction band change was noted. The observed findings were subtle and indistinct and could not be used to delineate the exact junction of viable and nonviable myocardium.
Light microscopic examination of 1-,um-thick plasticembedded tissue, however, yielded clearer results (Figure 5) . Tissue from the junction of the TTC-negative and TTC-positive regions of the nonreperfused myocardium showed a distinct difference between the two regions. Most fibers in the TIC-positive zone appeared normal; a few contained fine vacuoles. In the TTCnegative zone, the fibers showed decreased staining, contained numerous vacuoles, and were separated by spaces presumably representing edema. Plasticembedded 1-gm-thick sections taken from the junction of the TIC-negative and TTC-positive regions of the reperfused zone also showed a distinct difference. In addition to the changes described above, numerous contraction bands were present in the reperfused TCnegative tissue.
Electron microscopic examination of samples from the junctional tissue ( Figure 6 ) confirmed that the TTC-positive myocardium, regardless of whether taken from the reperfused or the nonreperfused region, either appeared normal or showed only mild ischemic changes, such as focal swelling of myocardial fibers and mitochondria, partial loss of glycogen, focal increase in lipid droplets, and occasional I bands, but did not show evidence of irreversible injury, such as amorphous or granular mitochondrial densities or sarcolemmal disruption. Importantly, there appeared to be no difference in the severity of changes in the TTCpositive junctional tissue of the reperfused region compared with the nonreperfused region. TTCnegative tissue from the nonreperfused region showed more cellular and mitochondrial swelling, clumping of nuclear chromatin, mitochondrial and sarcolemmal disruption, and mitochondrial amorphous matrix densities -the hallmarks of irreversible injury. In addition, TTC-negative tissue from the reperfused region showed subsarcolemmal blebs and numerous contraction bands. Granular mitochondrial dense bodies were present but not numerous, as expected with the relatively brief duration of reperfusion.
Summary of Study Results
The electron microscopic studies confirmed the validity of the TTC staining method in hearts exposed to ischemia of 90-240 minutes: Tissue that failed to stain with TTC showed irreversible injury, and tissue that did stain was not irreversibly injured, regardless of whether it was from the nonreperfused or the reperfused region. Of special importance was the morphology of the reperfused TTC-positive region at the junction where an extension of necrosis by reperfusion would have been expected to occur: it showed mild ischemic changes but no signs of either severe reversible or irreversible injury and did not appear to differ from the corresponding region of the nonreperfused myocardium.
Effect of Reperfusion on Extent of Myocardial Necrosis
The purpose of this part of the study was to determine whether reperfusion extends necrosis.
In 21 open-chest dogs, the LAD was dissected free proximal to the last diagonal branch and occluded for 90-240 minutes. The durations of coronary occlusion were chosen with the intent to produce nontransmural necrosis of varying degrees of transmurality, thereby taking into consideration the severity of myocardial ischemia as indicated by the magnitude of ST segment elevation in the V lead and the degree of QRS widening. Before the proximal occlusion was released, the LAD was ligated distally, halfway between the last diagonal branch and the apex. dye (0.1 ml/kg up to a total of 2.5 ml) was injected into the left atrium for demarcation of the reperfused region. The heart was then arrested with an overdose of potassium chloride, rapidly excised, and cut into 1-cm-thick slabs that were parallel to the LAD and begun 3-5 mm to the left of the LAD; then the slabs were placed into TTC solution for 15 minutes. The surfaces corresponding to the cut closest to the LAD were used for the study because they reflected most completely both the reperfused and the nonreperfused regions, even when the last diagonal branch was short. Because the control studies demonstrated that the difference in the progression of necrosis between two adjacent regions of unequal duration of ischemia was most distinctive at their boundary, the analysis focused on the myocardium immediately adjacent to the boundary between the reperfused and nonreperfused myocardium. Two criteria were used to compare necrosis in the reperfused and nonreperfused areas -the transmurality of necrosis measured within 1.0 or 0.5 cm on either side of the boundary and expressed in percent of wall thickness and the presence or absence of a shift in the epicardial edge of necrosis at the boundary. The two surfaces produced by the cut closest to the LAD were photographed, and the technically superior was selected for analysis. The images (with a centimeter scale) were projected at an approximate threefold magnification onto white paper. The TTCnegative and TTC-positive areas and the boundary between the nonreperfused and the Monastral bluestained reperfused regions were outlined. Lines parallel to the line of boundary were drawn at a distance of 1 cm on either side of the boundary or at 0.5 cm when the regions of necrosis were less than 1 cm wide. The areas were planimetered independently by two of the investigators, and the average of their measurements was taken.
Results
One of the 21 dogs was excluded from analysis because TTC staining demonstrated no definable regions of necrosis. In 15 of the remaining 20 dogs, the transmurality of necrosis was measured within 1 cm; in five, it was measured within 0.5 cm of the boundary. Table 7 lists data on hemodynamic changes in dogs from Table 6 . Discussion At 5 minutes after reperfusion, results from the present study did not show an extension of necrosis by reperfusion. This conclusion is based on the observation that 1) the transmurality of necrosis in the reperfused region was not greater than in the contiguous nonreperfused control region and 2) the epicardial edge of necrosis in the reperfused region was not advanced toward the epicardium compared with the adjacent nonreperfused region. An extension of necrosis by reperfusion was not seen regardless of whether reperfusion followed 90 or 240 minutes of ischemia and regardless of whether necrosis involved 38% or 88% of the left ventricular free wall.
It could be argued that the 5-minute period of reperfusion may have been too short for the production of irreversible damage and extension of necrosis by reperfusion or too early for their recognition by the available methods. The mechanisms frequently implicated in the genesis of "reperfusion injury" include explosive myocardial swelling, calcium overload, and the toxic effects of oxygen-derived free radicals. In fact, changes due to explosive myocardial swelling,40 namely, edema with disrupted cellular and intracellular membranes and contraction bands due to calcium overload,4' were present in the necrotic part of the reperfused region; however, these changes did not advance the epicardial edge of necrosis and did not increase the transmurality of necrosis when compared with the contiguous nonreperfused region. This observation supports the concept of previous investigators31,32 that explosive myocardial swelling and calcium overload are the consequences, not the causes, of myocardial necrosis.
The specific myocardial changes, which are attributable to the effect of oxygen-derived free radicals, have not been clearly characterized, and their presence or absence in the myocardium is therefore more difficult to identify. Some investigators propose that free radicals mediate calcium overload.42-46 The possible role of free radicals in calcium overload would be consistent with the appearance of both the free radicals47-49 and the changes of calcium overload41 within the first 2 minutes of reperfusion.47 A very early role for free radicals is also suggested by reports that scavengers of free radicals are effective only when given before or during reperfusion. There is no abrupt shift of epicardial edge of necrosis at boundary (arrow); it runs roughly parallel to epicardium. Panels a and b correspond to dogs 7 and 8, respectively, from Table 6 delayed occurrence of necrosis in the presence of a persistently patent coronary artery, and there is no direct experimental evidence for such an event. Also, the fact that histological changes in the reperfused viable region, immediately adjacent to the border of necrosis, were not more severe than in the corresponding region of the nonreperfused myocardium makes it unlikely that a process leading to irreversible injury was taking place in that region.
Recently, Bolli et a151 discovered that the release of free radicals does not completely cease 2 minutes after reperfusion but continues abated for 3 hours. The significance of this protracted release is not clear; it did not cause myocardial necrosis,52 and its blockage by an antioxidant did not improve myocardial function when given 1 minute after reperfusion, but it did produce marked improvement when given 1 minute before reperfusion.53 These observations make it unlikely that the protracted release of free radicals described by Bolli et ab' would have caused a delayed extension of necrosis had reperfusion lasted longer.
In our study of reperfusion injury, coronary occlusion was maintained for 90-240 minutes to reflect more closely the time frame in which patients with 
